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Abstract
β-Ketoacyl CoA synthetase (KCS) is a key rate-limiting enzyme for the synthesis of very-long-chain fatty acids (VLCFAs) 
in plants that determines the synthesis rate and carbon chain length of VLCFAs, ultimately affecting the stress resistance of 
epidermal wax. In this study, a genome-wide characterization of the KCS family was conducted using high-quality barley 
(Hordeum vulgare L.) genome sequences. In total, 33 KCS genes were identified and were unevenly distributed in the distal 
centromere region of each chromosome. These genes were divided 12 subgroups based on sequence alignment and phylo-
genetic analysis, with members of the same subgroup possessing similar genes and motif structures. Expression analysis 
showed that the KCS genes demonstrate diverse tissue expression patterns in barley and also have overlapping functions. 
The barley KCS gene family also exhibited different response characteristics under drought stress. These results provide 
insights into the evolutionary processes and potential functions of the KCS gene family, offering a theoretical reference for 
studies on the physiological and biochemical regulation of KCS genes during barley growth and development, as well as for 
the genetic breeding analysis of wheat crops.
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Introduction

Very-long-chain fatty acids (VLCFAs) can be modified, 
derived, esterified, or polymerized to form bioactive prod-
ucts, such as the wax components of the plant epidermis, 
which play crucial roles in plant development and in the 
resistance to diverse stress (Haslam and Kunst 2013; Xue 
et al. 2017). β-Ketoacyl-CoA synthase (KCS), which is 
embedded in fatty acid elongase (FAE), is related to the 

synthesis of VLCFAs as an important rate-limiting enzyme 
(Wettstein-Knowles 1982). It has strict carbon chain-length 
specificity in substrate and product, influences the composi-
tion and content of plant epidermal wax, and modifies plant 
stress resistance (Vogg et al. 2004).

The first gene encoding a KCS enzyme was identified and 
isolated from mutant Arabidopsis thaliana plants deficient 
in VLCFAs (James et al. 1995). The mutant line showed sig-
nificantly decreased production of C20:0, C20:1, and C22:1 
in the seeds, and thus the gene was named fatty acid elonga-
tion 1 (FAE1) (James et al. 1995). Subsequently, 25 KCS 
homologous genes in A. thaliana were identified and func-
tionally characterized through mutation analysis and heter-
ologous expression technology in yeast (Joubès et al. 2008; 
Dunn et al. 2004). Based on amino acid sequence homology 
and protein conformation, they were classified into five gene 
subfamilies: FAE1, FDH, CER6, KCS1, and ELO (Dunn 
et al. 2004), and most are related to the biosynthesis of wax 
components in the plant epidermis. Since then, KCS homolo-
gous genes have been identified in barley (Li et al. 2018), 
Simmondsia chinensis (Lassner and Metz 1996), Tropaeolum 
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majus (Mietkiewska et al. 2004), and even early land plants 
such as Marchantia polymorpha (Kajikawa et al. 2003a, b).

The KCS enzyme, as an endogenous cellular enzyme, 
consists of a 3-oxoacyl-[acyl-carrier protein (ACP)] synthase 
III C domain and a Type III polyketide synthase-like protein 
domain. The former has the core of a conserved domain that 
catalyzes the extension of the fatty acid chain and also pos-
sesses some regions and residues with specific differences. 
Through a series of biochemical steps, including transfer, 
decarboxylation, and fixation (Haslam and Kunst 2013), 
the specific selection of the substrate carbon chain length 
by each member of KCS and the catalytic synthesis of the 
corresponding product can be achieved (Lassner and Metz 
1996; Millar et al. 1999). According to homology modeling, 
sequence-structure homology search, and comparative anal-
ysis of the structure-function of the KCS protein, all of the 
members of this family have a similar four-layer αa–βb–αc–αd 
folding structure (Joubès et al. 2008). The first fold, αa, con-
sists of either one or two alpha helices that for most mem-
bers of the KCS family are well positioned to serve as a 
membrane anchor, while the other three-layer βb–αc–αd fold 
constitutes the soluble core of the KCS enzyme. After com-
paring and evaluating the size and shape of the substrate-
binding domain in the soluble core, it was shown that a cer-
tain correlation exists between the size of the domain and the 
length of the acyl matrix. A site-specific study revealed that 
Cys223, His302, His387, His391, and His420 are all active 
sites of KCS condensing enzyme, and these mutations will 
lead to changes in substrate specificity and even a deficiency 
in enzyme activity (Blacklock and Jaworski 2002; Ghanevati 
and Jaworski 2001, 2002).

The KCS gene family determines the content and composi-
tion of epidermal wax, actively participates in physiological 
and biochemical reactions at all stages of plant growth and 
development, and also shapes plant stress resistance. The fatty 
acid elongation gene (FAE1/KCS18) in Arabidopsis is related 
to the synthesis of VLCFAs in the seeds (Kunst et al. 1992) 
and is a critical erucic acid biosynthesis gene, the deletion 
mutant of which caused the content of long-chain fatty acids 
in the seeds to drop precipitously (Kunst et al. 1992). When the 
soil is short of water or the air humidity is too low, the content 
of C26–C30 wax alcohols and aldehydes in the Arabidopsis 
kcs1 mutant become unusually low, with the mutants showing 
a decline in drought resistance and low humidity tolerance at 
the seedling stage (Todd et al. 1999). Pm40, the homologous 
gene of KCS1 in wheat, also participates in the signal trans-
duction of resistance to powdery mildew by regulating pho-
tosynthesis and also enhances resistance to powdery mildew 
(Weidenbach et al. 2015). KCS2/DAISY and KCS20 exhibited 
similar functions in the biosynthesis of epidermis wax and 
root suberin, but they demonstrated different regulation and 
expression under osmotic stress (Lee and Suh 2013). KCS9 is 
involved in the elongation of C22 to C24 fatty acids, which are 

essential precursors for the biosynthesis of cuticular waxes, ali-
phatic suberins, and membrane lipids including sphingolipids 
and phospholipids (Kim et al. 2013). When the expression of 
the CER6 gene in the CER6 subfamily was inhibited, the wax 
in the plant pollen, stem, and pod became critically deficient, 
possibly causing conditioned male sterility (Millar et al. 1999; 
Fiebig et al. 2000). Nevertheless, the accumulation of CER6 
transcripts increased during osmotic stress and the application 
of exogenous abscisic acid (Wu 2012). The organs, such as 
the flowers and young leaves, are the main expression sites of 
the FDH gene, the mutation of which triggers the post-genital 
fusion of the leaves and flowers (Pruitt et al. 2000). In addi-
tion, genes such as KCS1, KCS2, and FDH could be positively 
regulated by MYB30 transcription factors under disease stress 
(Raffaele et al. 2008). However, the specific mechanism still 
needs further study.

With the large-scale completion of plant genome sequenc-
ing and the wide application of bioinformatics technology, 58, 
21, 22, and 26 KCS genes have been identified and isolated in 
G. hirsutum (Xiao et al. 2016), Brassica napus (Wu 2012), 
pepper (Yi et al. 2020), and even the microalgae Monoraphid-
ium neglectum (Liu et al. 2019), respectively. Barley is one of 
the most important global food crops that exhibits high adapt-
ability, a wide distribution, and strong stress tolerance (Zhang 
et al. 2013; Zhu et al. 2020)). In recent years, LEUCINE-
RICH REPEAT (CNL) (Andersen et al. 2016), MITOGEN-
ACTIVATED PROTEIN KINASE (MAPK) (Cui et al. 2019), 
NUCLEOTIDE-BINDING SITE (NBS) (Habachi-Houimli 
et al. 2018), SMALL HEAT SHOCK PROTEIN (HSP20) (Li 
and Liu 2019), NON-SPECIFIC LIPID TRANSFER PRO-
TEINS (nsLTPs) (Zhang et al. 2019), SQUAMOSA PRO-
MOTER BINDING PROTEIN (SBP) (Tong et al. 2019), 
and other gene families have been successively identified and 
analyzed at the genome-wide level in barley. However, there 
have been no relevant systematic investigations into the bar-
ley KCS gene family. In this study, 33 KCS genes in barley 
were identified by genome-wide analysis technology. The gene 
structure, physical and chemical characteristics, chromosome 
location, phylogenetic relationships, and tissue expression 
patterns were explored, providing a theoretical foundation for 
the downstream functional analysis of the barley KCS gene. 
The analysis and quantification of the expression trends of 
KCS candidate genes under drought stress can also provide 
an experimental basis for stress resistance breeding and other 
genetic research in barley.

Materials and methods

Screening and identification of KCS genes

Twenty-one identified KCS genes were downloaded from 
the Arabidopsis genome database TAIR (https ://www.

https://www.arabidopsis.org/index.jsp
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arabi dopsi s.org/index .jsp) (Poole 2005). In the light of the 
conservation of KCS domain evolution, the related Hid-
den Markov Model profiles of gene family (Accession No.: 
PF08392 and PF08541) were obtained from the Pfam data-
base (http://pfam.xfam.org/) (Bateman et al. 2004; Finn et al. 
2015). HMMER (https ://www.ebi.ac.uk/Tools /hmmer /) was 
used to retrieve online barley protein candidate sequences 
(E-value < 10− 10) containing KCS conserved domains 
(FAE1_CUT1_RppA and ACP_syn_III_C). The candidate 
sequences after removing too short and redundancy were 
submitted into the NCBI conserved Domains (https ://www.
ncbi.nlm.nih.gov/struc ture/cdd/wrpsb .cgi) (Marchler-Bauer 
et al. 2015) and SMART (http://smart .embl-heide lberg .de/) 
(Letunic et al. 2012) that access to the revalidation whether 
they contain KCS domain. Next, the incomplete reading 
frame, short and redundant sequences were removed manu-
ally, after which the KCS gene and protein sequences in bar-
ley were finally obtained.

The theoretical isoelectric point and relative molecular 
mass were predicted by ExPASY (Compute pI/Mw tool) 
online on the basis of KCS protein sequences. Subcellular 
localization prediction of the KCS proteins was implemented 
using Softberry (http://linux 1.softb erry.com/) and WoLF 
PSORT (https ://wolfp sort.hgc.jp/) (Horton et al. 2006).

Phylogenetic analysis of genes

The acquired full-length KCS protein sequence was aligned 
using the software MEGA7.0 with the default parameters 
of ClusterW (Hall 2013), wherein Neighbor-Joining (NJ) 
method was performed to construct the phylogenetic tree of 
KCS protein in barley and Arabidopsis with bootstrap test of 
1000 times, after which iTOL (https ://itol.embl.de/login .cgi) 
online tool was used visual rendering (Letunic and Bork 
2007). Furthermore, the conserved domains was manually 
selected and intercepted using BioEdit (http://www.mbio.
ncsu.edu/bioed it/bioed it.html) (Hall 1999).

Ka/Ks value calculation, structural analysis, 
and chromosome localization

The substitution rates of non-synonymous (Ka) and synony-
mous (Ks) were calculated by software DnaSP6 (Rozas et al. 
2017). Ks value could be used as molecular clock to reckon 
the time since gene replication event (Peterson* and  Masel† 
2009). Ka/Ks rate has been used to determine the type of 
gene selection during evolution. Ka/Ks = 1, Ka/Ks > 1, and 
Ka/Ks < 1 represent natural, positive, and purifying selec-
tions, respectively. The conserved motifs of barley KCS pro-
teins were performed a thorough investigation with MEME 
(http://meme-suite .org/tools /meme) (Bailey et al. 2009), the 
parameters were set as follows: the number of occurrences 
of the same motif in a sequence is 0 or 1, an optimum motif 

width of 10 to 300 amino acid residues, and maximum of 5 
motifs. The intron/exon distribution pattern diagram of bar-
ley KCS genes was generated by the Gene Structure Display 
Server (GSDS) program with the sequence file and annota-
tion information file (Hu et al. 2014). On account of the 
location of KCS gene in barley genome, Map Inspect map-
ping software was carried out to map and depict the physical 
location of KCS genes to each chromosome.

Expression profile analysis and function 
identification

To explore the specific expression patterns of KCS gene in 
barley in different tissues and developmental stages, The 
corresponding RNA-seq data of 14 developmental stages 
were downloaded from IPK (http://webbl ast.ipk-gater slebe 
n.de/barre y’ibsc/index .php) and The James Hutton Institute 
(https ://ics.hutto n.ac.uk/morex genes /index .html) websites, 
respectively. The gene expression values are represented 
by fragments per kilobase of exon per million fragments 
mapped (FPKM). The developmental stages of expression 
analysis listed hereafter: embryo tissue (EMB); isolate eti-
olated leaves (ETI), root tissue (ROO); shoots from seed-
ings (10 cm shoot stage) (LEA); epidermal strips (EPI); 
developing inflorescence tissue (INF); rachis (RAC); third-
stem internodes (NOD); isolated lodicules dissected from 
inflorescences (LOD); lemma dissected from inflorescence 
(LEM); palea dissected from inflorescence (PAL); grains 
throughout development (caryopsis, 5 and 15 days post-
anthesis) (CAR5, CAR15); and senescent leaves (SEN). 
These data were submitted to software MeV for hierarchical 
clustering analysis and expression profile drawing through 
checking and sorting.

Thirty-three KCS genes in barley were employed for the 
enrichment analysis of metabolic pathways online combin-
ing Blast2go software (Conesa et al. 2005) and KEGG data-
base (https ://www.kegg.jp/kegg/pathw ay.html).

Plant materials and drought treatments, total RNA 
extraction, and quantitative real‑time expression 
analysis

Seedlings of barley ZJU3, which had been planted in an 
experimental field, were selected and transplanted into 
culture pots in the greenhouse. Barley ZJU3 has the 
advantages of early maturity, lodging resistance, high 
yield and resistance to yellow mosaic disease. All of the 
experimental seedlings were cultured under day/night 
temperatures of 24 °C/20 °C with 16 h of light and 8 h of 
darkness. After 2 weeks of growth recovery, barley seed-
ings were divided into groups and were selected based 
on good and consistent growth. The experimental groups 
were treated with drought for 15 d, whereas the control 

https://www.arabidopsis.org/index.jsp
http://pfam.xfam.org/
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groups were simultaneously irrigated with distilled water. 
Six top-second leaves were removed from each pot for 
subsequent experimental analysis upon completion of the 
treatment.

An Axygen total RNA kit was used to extract total 
RNA from the barley leaves by centrifugation. Random 
primers N6 and oligo (dT)18 primer in the ratio of 1:1 
were mixed as reverse transcription primers to improve 
the performance. Following reverse transcription, the 
reaction solution was stored at − 20  °C for the short 
term. For the design of fluorescent quantitative primers, 
10 pairs of barley KCS gene primers were designed using 
the software Primer Premier 5.0 (Lalitha 2000), wherein 
HvActin was designed with the HORVU1Hr1G002840 
gene as the internal reference (Table 1). For simplifica-
tion, the selected KCS family genes were named from 
HvqRT1 to HvqRT10. The specificity of primers to their 
target genes was evaluated on the website EnsemblPlants 
(http://plant s.ensem bl.org/horde um_vulga re/info/index ). 
All of the primers were synthesized by Shanghai Qingke 
Biotechnology Co., Ltd. The total volume of the quanti-
tative real-time (qRT)-PCR reaction system was 10 µL, 
which included 5 µL of Hieff® qPCR SYBR Green Mas-
ter Mix, 1 µL of diluted cDNA template, 1 µL of upstream 
and downstream primers (10 mmol  L− 1), and 3 µL of 
RNase free  ddH2O. The qRT-PCR procedure was 95 °C 
for 5 min, followed by 40 cycles at 94 °C for 10 s, 60 °C 
for 20 s, and an elongation step of 20 s at 72 °C. In the 
elongation step, fluorescence signals were collected, and 
three biological replicates and three technical replicates 
were tested for each reaction. The relative expression 
level of the target gene was calculated using the  2−ΔΔCT 
method, and single factor analysis of variance was per-
formed in SPSS version 20.0 (IBM Corp, Armonk, NY, 
USA).

Results and analysis

Identification and physicochemical properties 
of the KCS genes

The candidate sequences related to KCS in barley were 
retrieved using the Pfam database and HMMER search 
engine, with the protein sequence of the KCS conserved 
domain used as the key word. The redundant sequences were 
then eliminated, the KCS domain was detected again using 
the SMART and NCBI Conserved Domains websites, and 
incomplete reading frames and short sequences were manu-
ally removed. Ultimately, 33 candidate genes containing the 
KCS domain were identified in barley. The results are shown 
in Table S1. The molecular weights and isoelectric points 
of the KCS family proteins were 44304.8–66238.79 Da and 
6.95–10.2, respectively, with a relatively small gap but no 
obvious regularity. Similarly, the length of these proteins 
was 398–600 amino acid residues which spanned a relatively 
small. Subcellular localization results showed that the 33 
barley KCS proteins were all located on the cell membrane, 
indicating that barley KCS proteins possessed highly con-
served membrane protein catalytic functions.

Intrachromosomal distribution of KCS genes

The distribution of gene families on the chromosomes was 
closely related to the participation of the chromosomes in 
the expression process of gene family members as well as 
the relevance and importance in plant growth and develop-
ment processes. Map Inspect software was used to depict 
the location map of KCS genes on the chromosome in bar-
ley (Fig. 1). It can be seen from the figure that the KCS 
genes were unevenly distributed on all seven of the barley 
chromosomes, among which only two genes were contained 
in the 2H and 3H chromosomes, and the 1H, 4H, 5H, and 

Table 1  Primer sequence of barley KCS gene family for fluorescence quantitative amplification PCR

Barley gene number Primer name Forward primer sequence Reverse primer sequence

HORVU4Hr1G067340 HvqRT1 CGG AGG CTC TTG TCG TTG TT CTT CGT TGC CAC CGT CTA CTT 
HORVU6Hr1G004830 HvqRT2 GGG TGG GCA TAG GTT TGG T ACG GCA GGT TCA CGC TTT C
HORVU6Hr1G036950 HvqRT3 GGT AAT GTT CTC GGT GCT GAC TAC AAT CTG GGA GGA ATG GG
HORVU7Hr1G006910 HvqRT4 TGC GTG CGA TGA AGG AGA AGG AGG ACG ACC AAG GGA A
HORVU5Hr1G087530 HvqRT5 GCC GCC GTT CTA TGT AGT CGT CCA CCA GGT AAA CCT CCT TTGG 
HORVU1Hr1G089710 HvqRT6 TAC CAG GAG CAG GAC AGC GA ACC AGC GTG GCG AAG AAG A
HORVU1Hr1G090730 HvqRT7 CGT CCT CGC CTT CAC CAT TGC GGT CTC CCT TCC TGA T
HORVU4Hr1G076940 HvqRT8 CGT CCT CGC CTT CAC CAT CGA ACT TGC CCG ACT TGC 
HORVU4Hr1G063420 HvqRT9 TGC CTT GAC GCT CTG TTC G CCT CCC GCA TCT TGT AAT GGT 
HORVU6Hr1G073300
HORVU1Hr1G002840

HvqRT10
HvActin

CCT GCC CAA CTG CCT CTT 
TGG ATC GGA GGG TCC ATC CT

GCT CGT CCT CCT CCT GGT A
GCA CTT CCT GTG GAC GAT CGCTG 

http://plants.ensembl.org/hordeum_vulgare/info/index
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6H chromosomes contained four, three, five, and five genes, 
respectively. The 7H chromosome comprised the most genes 
in terms of quantity, namely, 11, accounting for 33% of KCS 
gene family members. 1H and 7H both existed the closely 
coexistence regions, whereas there was no evidence that 
tandem repeat genes occurred in these regions. The cen-
tromere and pericentromere regions, which are hot spots for 
new gene generation and initiation in plants, experienced 
dramatic sequence changes and structural remodeling pro-
cesses, and the genes in the centromere region have an evo-
lutionary tendency of escaping outward (Zhang et al. 2018). 
In this study, all of the KCS genes were located in the far 
centromere region, suggesting that the evolutionary process 
of the barley KCS genes was long and its function was com-
paratively stable. In addition, HORVU0Hr1G038430 could 
not be anchored to the chromosome (this gene was located 
on chrUn) because of the incomplete sequencing and assem-
bly of the barley genome.

Phylogenetic analysis of KCS genes

ClustalW alignment of 54 identified KCS protein sequences 
in Arabidopsis and barley was conducted. The results are 
shown in Figure S1. It was found that the KCS genes of bar-
ley and Arabidopsis had two sequences with highly similar 
alignments and were approximately 260 and 80 amino acid 
residues in length, respectively. These were considered as 
two conserved domains of the KCS gene family, namely, 
FAE1_CUT1_RppA and ACP_syn_III_C.

To better understand the evolutionary relationships of 
the barley KCS gene, 54 KCS protein sequences of Arabi-
dopsis and barley were selected and imported into the soft-
ware MEGA7.0 to construct an unrooted phylogenetic tree. 
According to the method about grouping 8 subgroups of 
Arabidopsis KCS gene family (Joubès et al. 2008; Lessire 
et al. 1999), the candidate genes could be further catego-
rized into 12 subgroups based on high bootstrap repetitions 
(Fig. 2). Phylogenetic tree analysis showed that the HORVV-
I, HORVV-II, HORVV-III, and HORVV-IV subgroups only 
consisted of barley KCS proteins; the FDH-like (η), FDH 
(θ), and FAE-like (β) subgroups only contained Arabidopsis 
KCS proteins; and both Arabidopsis and barley KCS pro-
teins existed in the remainder of the subgroups. This sug-
gested that the KCS gene originated before the differentia-
tion of monocotyledons and dicotyledons. In addition, based 
on the proximity of the branches of the evolutionary tree, 
three pairs of orthologous proteins were identified, includ-
ing A0A287GND2_HORVV/KCS4_ARATH, F2CSE8_
HORVV/KCS1_ARATH, and A0A287 × 585_HORVV/
KCS11_ARATH, all of which had a similarity of about 80%. 
Simultaneously, there were 16 pairs of intraspecific paralo-
gous proteins in the HORVV-I, HORVV-II, and HORVV-IV 
subgroups of barley, each of which contained 1, 2, and 5 

pairs of barley paralogous proteins, respectively. In addi-
tion, there was one pair of Arabidopsis paralogous proteins 
existing separately in the FDH-like (θ), FDH-like (η), CER6 
(γ), Fae-like (β), Fae-like (α), FDH-like (ε), KCS1-like (δ), 
and KCS1-like (ζ) subgroups. In general, 70.37% of KCS 
proteins exist as homologous proteins within species, and 
the functional differentiation degree of Arabidopsis KCS 
protein subgroups is relatively high. In contrast, five of the 
17 barley KCS proteins in the HORVV-IV barley subgroups 
were paralogous proteins, which indicated that the KCS gene 
still actively duplicated many times after barley speciation. 
Consequently, the function of the barley KCS protein may 
have a greater degree of overlap, and the HORVV-IV sub-
group is probably particular to Gramineae and even barley 
(Tong et al. 2019; Guo et al. 2016).

The Ka/Ks value is an important parameter that is used 
to evaluate the evolution of coding sequences and determine 
the type of selection pressure after duplication (Xiong et al. 
2019). The Ka/Ks value of the barley KCS gene family was 
mostly greater than 1, and the average value was 1.3061 
(Table S3), indicating that positive selection was the main 
type of selection. The approximate average differentiation 
time of barley KCS family genes, which was deduced by 
calculating the Ks value, was 42.14 million years ago. The 
differentiation time of A0A287GLF8_HORVV/F2EI13_
HORVV in the HORVV-IV subgroup was the shortest at 
only 5.92 million years ago (Conery and Lynch 2001). Com-
bined with the above, it was inferred that the gene duplica-
tion events of the KCS gene in barley were actively distrib-
uted throughout the entire barley evolutionary process.

Motif composition and structure analysis of KCS 
genes

Intron/exon structure and intron type and number are typi-
cal evolutionary imprints of a gene family (Li et al. 2017). 
Therefore, further construction of a protein phylogenetic 
tree and intron/exon structure map of the barley KCS gene 
family provided an in-depth assessment of the structural 
characteristics of related genes (Fig. 3). The results indi-
cated that the gene structure similarity of the same branch 
was high, while that of the different branches was low. 
Statistical analyses revealed that HORVU7Hr1G023530, 
HORVU4Hr1G067340, HORVU1Hr1G089710, HOR-
VU7Hr1G084610, HORVU5Hr1G056870, and HOR-
VU2Hr1G122150 contained only one intron, whereas HOR-
VU4Hr1G076940 contained three introns, and the rest of 
the barley KCS genes did not possess introns, suggesting 
that the KCS genes of barley were more expressed and more 
functional compared with other gene families.

Prediction and identification of the motifs contained 
in the barley KCS protein sequence were made using the 
MEME analysis tool. The analytical results indicated that 
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the E-values of the five conserved functional motifs were all 
less than  1e−300 (Motif1: 6.0e−333, Motif2: 7.2e−1160, Motif3: 
1.1e−760, Motif4: 3.6e−510, Motif5: 1.9e−2237), indicating that 
each conserved motif was statistically significant. Motif1, 
Motif2, Motif3, and Motif4 constituted the FAE1_CUT1_
RppA of KCS protein, and Motif5 was the conserved motif 
of the ACP_syn_III_C domain. In addition, with the excep-
tion of HORVU4Hr1G076940, which lacked Motif1, the 
remaining barley KCS proteins all contained five complete 
motifs, showing high sequence and functional conservation.

Tissue specific expression of the barley KCS gene

To analyze the expression patterns of the barley KCS 
gene family, the expression data of barley during differ-
ent periods as well as tissues and organs (seeds, roots, 
stems, leaves, flowers and fruits at different developmen-
tal stages) were collected from the IPK website to con-
struct the relevant tissue-specific expression profile using 
a hierarchical clustering model. The results are shown in 
Fig. 4. HORVU6Hr1G036950 and HORVU1Hr1G089710 

Fig. 2  Phylogenetic relationships of KCS gene family in barley 
(HORVV) and Arabidopsis (ARATH). The unrooted phylogenetic 
tree was generated based on the amino acid sequences aligning by the 
neighbor joining (NJ) method using MEGA 7.0. The bootstrap values 

of 1000 replicates were calculated at each node. All KCS members 
were classified into 12 groups which differentiate by different colors. 
(Color figure online)
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were highly expressed in various tissues and fruits at dif-
ferent developmental stages. HORVU4Hr1G076940, HOR-
VU4Hr1G063420, and HORVU4Hr1G067340 indicated 
similar expression patterns and all clustered with high 
expression and located on the 4H chromosome, whereas 
HORVU4Hr1G076940 and HORVU4Hr1G063420 were not 
expressed in the root tissue and developing inflorescence 
tissue, respectively. In comparison, HORVU4Hr1G067340 
was not expressed in the inflorescence and root tissues. 
HORVU7Hr1G084610, HORVU7Hr1G023280, and HOR-
VU7Hr1G023530 exhibited pan-tissue expression, but their 
expression level was relatively low. Great expression fluctua-
tions in the different tissues and periods were observed in the 
remaining barley KCS genes, which did not express in some 
tissues or at certain growth stages.

The expression profile showed that some members of 
the barley KCS gene family that did not demonstrate clear 
tissue-specificity played an important role in almost all 
growth and developmental stages of barley, whereas other 
members exhibited tissue-specificity to a certain extent. 
Among them, the HORVU5Hr1G080180 gene was spe-
cifically expressed in the developing inflorescence tissue, 

HORVU7Hr1G042040 showed a relatively high expression 
level in the embryonic tissue, and HORVU7Hr1G006910 
was more highly expressed in the leaf tissue and senescent 
leaves. Accordingly, combined with studies of gene struc-
ture, it was found that the expression of intron-rich genes 
was biased towards non-tissue specificity.

The results of the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) online pathway annotation are shown in 
Fig. 5. Thirty-three barley KCS genes were all enriched in 
the first step of the condensation reaction of VLCFA syn-
thesis in fatty acid synthesis, indicating the specificity of the 
biochemical function of barley KCS genes.

Analysis of the expression pattern of barley KCS 
genes under drought stress

Combined with the phylogenetic tree and expression char-
acteristics of the barley KCS gene family, 10 KCS genes 
were screened for the design of specific primers and rela-
tive expression analysis of fluorescence quantitative PCR 
to explore the response characteristics of barley KCS 
genes to drought stress. The genes were selected from the 

Fig. 4  Expression profiles of KCS genes in different tissues and 
stages of development. Data were downloaded from publicly avail-
able databases. Rows represent KCS members, while columns show 
different developmental stages and tissues. The expression level of 
KCSs  [log2(FPKM + 1)] is shown by the intensity of color, wherein 
red blocks represent low expression, and green blocks represent high 
expression: EMB 4-day embryos; ROO roots from seedings (10  cm 
shoot stage); LEA shoots from seedings (10  cm shoot stage); INF 

developing inflorescences (1–1.5  cm); NOD developing tillers, 3rd 
internode (5 DAP); CAR5, CAR15 developing grain (5 DAP, 15 
DAP); ETI etiolated seeding, dark cond (10 DAP); EPI epidermal 
strips (28 DAP); RAC inflorescences, rachis (35 DAP); LEM inflo-
rescences, lemma (42 DAP); LOD inflorescences, lodicule (42 DAP); 
PAL dissected inflorescences (42 DAP); SEN senescing leaves (56 
DAP). (Color figure online)
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Fig. 5  Annotation map of KEGG metabolic pathway of KCS gene 
family in barley using Blast2go software. The green module indicated 
the step of protein enrichment, and the white module indicated that 
no protein was enriched in this step. 33 barley KCS proteins were all 

enriched in the first step of the VLFAs extension biochemical process 
at the fatty acid extension flow chart, numbered 23.1.199. (Color fig-
ure online)
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HORVV-IV, CER6 (γ), Fae-like (α), FDH-like (ε), KCS1-
like (δ), and KCS1-like (ζ) subgroups, respectively. The 
results showed that 10 KCS genes indicated different expres-
sion characteristics under drought stress treatment (Fig. 6), 
and the gene expression patterns of the same subgroup 
were also distinct. Under drought treatment, the expression 
level of five KCS genes decreased and other five KCS genes 
increased. Among them, the relative expression levels of 
HORVU7Hr1G006910, HORVU5Hr1G087530, HOR-
VU4Hr1G076940, and HORVU4Hr1G063420 decreased 
by more than one-fold, suggesting that their expression 
levels were negatively correlated with their functional 
effects. On the contrary, the relative expression levels of 
HORVU4Hr1G067340, HORVU6Hr1G004830, HOR-
VU1Hr1G090730, and HORVU6Hr1G07300 increased by 
more than one-fold, and the activities of these four genes 
were positively induced by drought stress. Overall, most of 
the barley KCS genes responded to external drought signals 
and made positive or negative expression trends to regulate 
the response to drought, with the regulatory expression trend 
demonstrating no apparent subgroup characteristics.

Discussion

The KCS gene family, which is widely present in terres-
trial plants, encodes enzymes that catalyze the rate-limiting 
condensation reaction and accordingly specifically regulate 
the elongation of plant fatty acids. They are thus likely to 

play an essential role in substrate and product specificity. 
Owing to its important role in the plant epidermal wax syn-
thesis pathway, the KCS gene family has been identified and 
analyzed at the genome-wide level of various plant species. 
Xiao et al. (2016) identified 58 KCS genes from G. hirsutum. 
Some of the gene members respond to exogenous gibberellin 
A3 (GA) and control fiber cell growth. Wu (2012) cloned 
21 BnKCS genes in B. napus, among which the FAE1-like 
genes could effectively mediate the synthesis of erucic acid, 
while Yi et al. (2020) identified 22 KCS family genes from 
the pepper genome. Expression analysis has indicated that 
the expression of the family members can be activated or 
inhibited by high temperature, low temperature, and salt 
(NaCl) treatment. In addition, Monoraphidium, which has a 
high oil content, also contains 26 KCS genes, and an assess-
ment of its KCS gene family improved the stress resistance 
of Monoraphidium and the quality characteristics of related 
microalgae energy (Liu et al. 2019). Therefore, the analysis 
and identification of the physical and chemical properties, 
structure, and function of the barley KCS gene family at the 
whole-genome level have good practical significance and 
application value, and can provide a theoretical basis for 
the genetic breeding of further resistance and yield traits 
in barley.

Through the retrieval, analysis, and organization of the 
KCS gene family in the genome of barley, a total of 33 bar-
ley KCS gene family members were identified. Using the 
highly conserved KCS domains as keywords, the number of 
KCS genes was found to be higher than in Arabidopsis (21). 
This might be related to the large amount of genomic data 
for barley as well as the high number of repeated sequences. 
Following sequence alignment and phylogenetic tree con-
struction, the grouping and evolutionary relationships of the 
barley KCS gene family were determined. The phylogenetic 
tree categorized the barley KCS gene family into nine sub-
groups, of which five groups were distributed in A. thali-
ana. Several KCS genes homologous to A. thaliana (Wang1, 
WSL4, ONI1, ONI2, etc.) have also been cloned (Wang et al. 
2017; Yu et al. 2008), indicating that the basic characteristics 
of this gene family were formed before the differentiation of 
monocotyledonous and dicotyledonous plants. In addition, 
four barley KCS subgroups (HORVV-I ~ IV) contained only 
a large amount of barley KCS proteins that mostly existed in 
the form of paralogous proteins within the species. However, 
there were still three pairs of highly similar orthologous pro-
teins present in Arabidopsis and barley, suggesting that the 
evolutionary process of the KCS gene family is more com-
plex. There were genes from the vertical lineage evolution 
during speciation, as well as genes from duplication events 
and species-specific expansion, which may also be related 
to the nonuniform replication of ancestral KCS genes (Guo 
et al. 2016), as has been similarly verified in studies of other 
plant gene families (Li et al. 2016; Xu et al. 2012; Song et al. 

Fig. 6  Expression profiles of 10 selected barley KCS under drought 
stress using real-time PCR analysis. The experiments were repeated 
three times and provided consistent results, and the relevant data were 
presented as the mean ± SD (n = 3). ZJU3 CK as control group stood 
for barley with normally watered, and ZJU3 DR as experimental 
group stood for barley after drought treatment, these groups were rep-
resented by different colors (green and orange). (Color figure online)
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2014). For now, the Ka/Ks values reflect that the KCS genes 
in barley exhibited positive selection, and their related muta-
tions were also favorable.

The analysis of chromosome location, gene structure, and 
protein motif revealed that the physical location of barley 
KCS coding genes was not in the same or adjacent intergenic 
region; thus, the KCS gene family in barley, like the ARF 
gene family, mainly expanded through large-scale segmen-
tal or whole genome duplications (WGDs) rather than by 
relying on tandem replication (Guo et al. 2016). In addi-
tion, studies on noncoding regions have found that intron 
length has a strong negative correlation with the expression 
level of corresponding genes. The intron length of low-level 
expressed genes was significantly larger than that of high-
level expressed genes (Shan 2011), and an increase in intron 
number will lead to increases in the structural number of 
nuclear localization signal protein motifs, thus affecting the 
levels of protein entering the nucleus and the proficiency 
of DNA binding (Johnston et al. 2005). In this study, most 
members of the KCS gene family in barley did not contain 
introns, and with the exception of HORVU4Hr1G076940, 
which consisted of three introns, there was only one intron in 
the other genes. Similarly, except for HORVU7Hr1G023530 
with an intron length of more than 10 kb, the lengths of the 
introns in the other gene members were within 3 kb. These 
conclusions reflect the high expression level and function of 
the KCS gene from a gene structure perspective.

The phylogenetic tree and KCS gene expression pattern 
analysis in barley further predicted and revealed the func-
tion of the barley KCS genes. The FDH gene in Arabidopsis 
mutants affected the morphology of the leaves and flowers. 
Consistent with this, in barley, HORVU4Hr1G076940 within 
the FDH-like (ε) subgroup was also mainly expressed in the 
flowers and tender leaves, but not in the root tissues (Joubès 
et al. 2008; Pruitt et al. 2000). HORVU4Hr1G067340 was 
not expressed in the inflorescence and root tissues. The 
function of the KCS5 and KCS6 genes, which were in the 
same subgroup of CER6 (γ), was also mainly reflected in 
the synthesis of stem and pollen epidermal wax (Millar et al. 
1999; Hooker et al. 2002). However, HORVU4Hr1G063420 
showed high expression in the developing inflorescence 
tissues, whereas the orthologous gene KCS1 of HOR-
VU4Hr1G063420 in Arabidopsis was expressed in all parts 
of the plant (Lee and Suh 2013). Combined with a study 
on the KCS gene in Arabidopsis, it was confirmed that the 
expression pattern and functional characteristics of the KCS 
gene overlap (Paul et al. 2006; Tresch et al. 2012). This sug-
gests that in addition to barley KCS gene retaining a certain 
conservative structure and function in its evolution, some 
sub- and neo-functionalization mutations which were in sta-
ble evolutionary screening have also been generated.

By analyzing the expression pattern of the barley KCS 
genes under drought stress, it was found that the drought 

signal could induce the expression of barley KCS gene fam-
ily members at the transcription level, ultimately manifest-
ing as changes in the content and composition of barley 
epidermal wax. Zhang et al. (2012) reported that barley 
epidermal wax content and water use efficiency were sig-
nificantly positively correlated under drought conditions, in 
that an increase in epidermal wax content could effectively 
improve barley drought resistance. This conclusion has also 
been confirmed in other species (Liu et al. 2019, 2020; Su 
et al. 2020; Jetter and Schäffer 2001). In this study, half 
of the barley KCS genes could be actively upregulated to 
promote the synthesis of epidermal waxy component pre-
cursor VLCFAs and provide the necessary conditions for 
increasing the epidermal wax content (Haslam and Kunst 
2013). Conversely, an analysis of most relevant mutants to 
date showed that an increase in epidermal wax permeability 
is usually accompanied by ultrastructural abnormalities in 
the stratum corneum, and the wax content was also found 
to have no correlation with the water limitation capacity of 
the stratum corneum (Fich et al. 2016; Kissinger et al. 2005; 
Leide et al. 2007). Furthermore, given that the barley KCS 
gene has definite and unique substrate specificity, its diverse 
expression patterns would cause the epidermal wax com-
ponents, rather than the content, to change dynamically in 
order to affect the drought resistance of barley plants (Vogg 
et al. 2004). For example, the C29 ketone could effectively 
reduce the permeability of the cuticle to increase the drought 
resistance of plants (Liu et al. 2020). In this study, the barley 
KCS genes had two positive and negative expression regu-
lation modes under drought stress that could integrate the 
output of VLCFAs with different chain lengths to change the 
chemical composition and crystal structure of the epidermal 
wax and eventually build a more continuous hydrophobic 
bracket (Fich et al. 2016). In addition, during the evolu-
tion of barley KCS genes, there were functional redundan-
cies and overlap caused by sub- and neo-functionalization, 
which would also make plants maintain redundant functions 
and generate heavy burden under drought stress (Guo et al. 
2016). Therefore, the expression of KCS genes in half of the 
barley in this study would show a significant decrease, pre-
sumably because of the duplication and redundancy of some 
functions of the KCS genes, making barley more susceptible 
to drought and other habitat changes. Generally, given the 
complexity of the evolutionary process of the barley KCS 
gene family and the regulatory network of the epidermal 
wax synthesis, the relationship between the barley epidermal 
wax and the drought resistance of the plant remains a com-
plex issue that needs to be studied more thoroughly under 
the understanding that the plant epidermal wax content and 
composition are constantly changing.

This study revealed the origin, replication, expansion, 
evolution, and possible biochemical functional specialization 
of the barley KCS gene family using biological information 
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analysis technology. In combination with the real-time meas-
urement of expression under stress, our findings provide a 
theoretical foundation and reference for the in-depth explo-
ration of biological function in the barley KCS gene family 
and further genetic breeding analysis of related species.
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